Fe 0 -nanoparticles-chitosan composite beads (CS-NZVI beads) were prepared and used to remove hexavalent chromium (Cr (VI)) from wastewater. Characterization with a scanning electron microscopy (SEM) demonstrated that with the increase of the concentration of CS from 5.0 to 20.0 g/ L and NaOH from 0.5 to 2.0 mol/L, the average aperture size of the CS-NZVI beads decreased from 26.8 to 10.6 μm and 42.6 to 0.8 μm, respectively. Batch experiments revealed that the removal of Cr (VI) using CS-NZVI beads was consistent with pseudo first-order reaction kinetics. The rate constant increased with increasing NZVI dosage but decreased with the increase in pH values. The Freundlich isotherm described the adsorption process better, suggesting that the CS-NZVI beads were heterogeneous in the surface properties. At equilibrium q max was 35.97 mg/g. The thermodynamics study suggested that Cr (VI) removal by CS-NZVI beads was an endothermic and spontaneous process, reflecting good affinity of the sorbent for Cr (VI) ions and increasing randomness at the solid-solution interface during the adsorption process. This result will be very useful to understand the effects of NZVI on heavy metal Cr (VI) removal from wastewater in the successful application.
INTRODUCTION
Hexavalent chromium (Cr (VI)) is widely used for industrial and agricultural production, but often causes both immediate and long-term adverse effects to humans, animals, and plants (Allan & Kukacka ) . Due to its hazard, Cr (VI) must be removed from industrial and agricultural wastewaters prior to discharge into the environment (Radivojevic & Cooper ) .
In recent years, nanoscale zero-valent iron (NZVI) has been found to be effective to eliminate various aqueous contaminants (Zhang et al. ; Wang et al. ; Liu et al. ) , especially for heavy metals (Cao & Zhang ; Liu et al. a) . However, these iron nanoparticles lack good dispersibility and stabilization in the aqueous solution, which challenge and limit the application of NZVI in environmental remediation (Cumbal et al. ; Krajangpan et al. ) .
Technologies have been developed using porous materials as mechanical supports to enhance the dispersibility and stability of NZVI particles (Bezbaruah et al. ; Uzum et al. ) . Chitosan (CS) is a reproducible resource and environmental friendly material which can be easily biodegraded by some microorganisms and bacteriolysis enzymes (Jin & Bai ) . Particularly, CS beads are porous and stable in aqueous phase, and effective to remove copper, mercury ions and chromium due to their high adsorption capability and unique structural properties (Lasko & Hurst ; Li & Bai ; Li et al. ) . CS was also used to modify NZVI to enhance its stability (Geng et al. ) . More recently, NZVI supported by bentonite and zeolite is used to increase the dispersibility and stability of NZVI particles (Li et al. ; Shi et al. ) . However, systematic kinetics and thermodynamics studies of Cr (VI) removal from wastewater by CS-NZVI composite beads are scarce.
In this study, CS-NZVI composite beads were successfully prepared and the influences of CS and NaOH concentrations on the pore size of CS-NZVI composite beads were evaluated with scanning electron microscope (SEM) analyses. The influence of different factors on the kinetics of Cr (VI) reduction from wastewater by these beads, as well as the thermodynamics of Cr (VI) removal, was investigated.
EXPERIMENTAL METHODS
NZVI particles with a mean diameter of 65.3 nm were purchased from Nanjing Emperor Nano Material Co., Ltd. Cr (VI) standard solution (20 mg/L) was provided by First Chemical Reagent Manufacturer (Tianjin, China). CS flakes (85% deacetylated) were purchased from Sigma Co. Deionized (DI) water was used to prepare all solutions. All other chemicals were of analytical-reagent grade.
CS-NZVI beads were prepared according to the procedures described in detail elsewhere (Guo et al. ; Liu et al. b) . Briefly, a 0.5 g amount of NZVI was gently added into 100 mL 10 mg/L CS solution. Then, the mixture was promptly dropped into 2.0, 1.0 and 0.5 mol/L NaOH solution to form CS-NZVI beads, respectively. Using the same procedure, the concentration of CS solution was changed to 5 and 20 mg/L, and the mixture promptly dropped into a 1.0 mol/L NaOH solution, respectively. CS-NZVI beads are nearly spherical in shape and uniform in size with a mean diameter of 3.1 mm. The whole process was carried out in a nitrogen atmosphere.
Characterization
The morphological analysis of the beads was performed using a scanning electron microscope (SEM, Phillips XL-30 TMP) at a frequency of 3 kV. The concentration of Cr (VI) in the solution was determined using a UV/visible spectrophotometer and by the diphenylcarbazone method (Ponder et al. ) .
Kinetics of Cr (VI) removal by CS-NZVI beads
The effect of pH value (3.9, 5.2, 6.4, 7.2, 8.1 and 8.9 ) and NZVI dosages (3.0, 5.0, 9.0 and 12.0 g/L) on the reduction kinetics of Cr (VI) was studied in accordance with a previously reported procedure (Alowitz & Scherer ) .
Batch experiments for removal of Cr (VI) were carried out in polytetrafluoroethylene bottles at room temperature without mechanical agitation. To each bottle, 100 mL Cr (VI) (20 mg/L) solution and CS-NZVI beads (entrapped NZVI by 100 mL mixture of CS and acetic acid) were added. Sampling was made at certain time-interval and the samples were filtered through a 0.42 μm filter. All experiments were performed in duplicate.
Adsorption of isotherm analyses
The adsorbed amounts of Cr (VI) per unit weight of NZVI, q e (mg/g), were calculated from the mass balance equation as:
where V is the solution volume, W is the amount of NZVI, and C 0 and C e are the initial and final (or equilibrium) Cr (VI) concentrations, respectively. Langmuir and Freundlich models were commonly employed to describe the adsorption of Cr (VI) onto CS-NZVI beads. The adsorption isotherm data were analyzed by a linearized form of Langmuir isotherm model (Horsfall et al. ) :
where q e is the amount of equilibrium Cr adsorption on the CS-NZVI beads (mg/g), q max represents the maximum amount of Cr that could be adsorbed on the beads (mg/g), C e is the equilibrium Cr adsorption concentration in the solution (mg/L), and b is a constant of the Langmuir model (L/mg). The values of the parameters were obtained from the plots of 1/q e versus 1/C e . Freundlich isotherm parameters were calculated from the following equation (Hanif et al. ) :
where K is a constant representing the adsorption capacity (mg/g)(L/mg) n , n is a constant depicting the adsorption intensity. The values of K and 1/n were calculated by plotting ln(q e ) against ln(C e ).
Thermodynamic parameters
The thermodynamic parameters such as enthalpy change (ΔH 0 ), Gibbs free energy change (ΔG 0 ) and entropy change (ΔS 0 ) were employed to evaluate the feasibility and nature of adsorption process (Iftikhar et al. ) .
The enthalpy change (ΔH 0 ) for the adsorption Cr (VI) by CS-NZVI beads was calculated using the following equation (Sarin & Pant ) :
where R is gas constant (8.314 kJ/(mol K)), T is the solution temperature (K) and K 0 is a constant. The values of ΔH 0 were calculated by plotting ln C e versus 1/T. The Gibbs free energy change (ΔG 0 ) for the adsorption Cr (VI) by CS-NZVI beads was calculated using the following equation (Cordero et al. ) :
where n is a Freundlich isotherm constant. The entropy change (ΔS 0 ) was computed using the relationship (Sarin et al. ):
RESULTS AND DISCUSSION SEM characterization SEM (Figures 1 and 2 ) images are used to qualitatively understand the morphology inside the CS-NZVI beads. The effect of CS concentrations on the pore size of CS-NZVI composite beads was shown in Figure 1 . It can be seen that the average aperture size of the wet CS-NZVI beads is 26.8, 19.4 and 10.6 μm, respectively, when the CS concentration is 5, 10 and 20 g/L, indicating that the connectivity and number of the pores in these beads decrease with the increase in CS concentration. It is easy to understand that the densification of the beads increase with increasing in the CS concentration (Zhao et al. , ) . As a result, the diameter decreases. According to diameter (d), total porosity can be classified into three groups: macropores (d >50 nm), mesopores (2 <d <50 nm) and micropores (d <2 nm) (Wan Ngah & Fatinathan ). It can be concluded that CS-NZVI beads are macroporous. The pore size of the CS-NZVI beads in this work is bigger than that of the CS beads reported by other researchers (Guo et al. ) . The bigger diameter of the pores can promote the transfer of electrons and flows of mass between these beads and wastewater, which can enhance the capacity to eliminate contaminants. Figure 2 shows that with the increase in the concentration of NaOH from 0.5 to 2.0 mol/L, the average aperture size of the wet CS-NZVI beads decreases from 42.6 to 0.8 μm. Guo et al. () and Zhao et al. () also mentioned that the porosity of the CS beads decreased with the increase in the concentration of NaOH solution. Furthermore, entrapment of NZVI particles in the CS beads can prevent NZVI particles from aggregation and oxidation (Liu et al. a) . Incorporating of amino groups on the CS to iron nanoparticles can enhance the dispersion and stability of the nanoparticles (Geng et al. ) . All of these can enhance the efficiency to remove pollutants by CS-NZVI beads. 
Kinetics of Cr (VI) removal by CS-NZVI beads

Effect of pH values
The dependence of K obs on pH was investigated and the result is shown in Table 1 . It is observed that with an increase in pH from 3.9 to 8.9, K obs was 0.1060, 0.0968, 0.0623, 0.0325, 0.0260, and 0.0250 min À1 , respectively.
The change of the solution pH during the course of adsorption was also observed showing that the solution pH is increased as the reaction time goes. The result demonstrates that K obs decreases significantly with an increase in the initial pH, indicating that the reduction rate increased as pH decreased, which had also been studied in other studies (Yuan et al. ; Liu et al. b) . The forms of Cr (VI) as salt depend mainly on the pH of solutions: HCrO 4 -predominates at pH between 1.0 and 6.0 and CrO 4 2-pH above about 6.0 (Mohan & Pittman ) . At lower pH CS-NZVI beads are easy to have positive charges due to the protonation of amino groups, while Cr (VI) exists mostly as an anion leading to the electrostatic attraction between CS-NZVI beads and Cr (VI) (Boddu et al. ) . This situation consequently promoted the electron transfer between NZVI and Cr (VI). Furthermore, lower pH accelerating corrosion of NZVI, the precipitation of Fe(III)-Cr(III) hydroxides on the surface of NZVI was not favorable (Lee et al. ) . As a result, the reaction rates were enhanced obviously.
Effect of NZVI dosage entrapped in CS beads
The influence of NZVI dosages on the kinetics of Cr (VI) reduction was investigated, and the results are shown in Figure 3 . Obviously, K obs displays a good linearity with the dosage of NZVI with correlation coefficients (R 2 ) more than 0.98. This finding indicated that the removal of Cr (VI) by CS-NZVI beads agreed well with the pseudo (Figure 3(a) ). 
Adsorption of isotherm analyses
Adsorption isotherms of Cr (VI) onto CS-NZVI beads were performed at four different temperatures (288-303 K) and initial Cr (VI) concentrations (20-200 mg/L). The results are shown in Figure 3 (b). It can be seen that q increases with the increase of the temperatures and C e .
The phenomenon is in agreement with the kinetics behavior seen previously. A comparison between Langmuir and Freundlich isotherm constants is presented in Table 2 . At different temperatures, the values of q max can be estimated to be 31. 55, 34.36, 35.59 and 35 .97 mg/g, respectively. However, the Langmuir isotherm model assumes uniform energies and enthalpies of adsorption onto the surface in the plane of the surface (Kumar et al. ) . Hence, the homogeneous surface conditions required by the Langmuir isotherm model may not be met due to porous structures of CS-NZVI beads as shown in Figures 1 and 2 .
As shown in Table 2 , the values of the Freundlich isotherm constants K are 4.276, 5.475, 9.033 and 9.217 at four temperatures, respectively. The values of K increased with an increase in temperature indicating that the affinity of Cr (VI) to the CS-NZVI beads increased as the temperature increased. This phenomenon may also help us explain the kinetics behavior seen previously. Table 2 shows that the exponent n is larger than 1 for adsorption of Cr (VI) on the CS-NZVI beads at different temperatures. The parameter n>1 represents a favorability adsorption condition (Guo et al. ) . Hence, the results show that Freundlich isotherm provides a good model of the sorption system, which is based on heterogeneous adsorption of metal ions by sorption. The high correlation coefficients (R 2 >0.97) also suggested that the Freundlich isotherm agreed better than Langmuir isotherm with experimental data. The analysis hence suggested that the CS-NZVI beads were heterogeneous in their surface properties. This suggestion is in agreement with the results shown in Figures 1 and 2 .
Thermodynamic parameters
Thermodynamic parameters for adsorption of Cr (VI) onto CS-NZVI beads are shown in Table 3 . At the reaction temperature of 288-303 K, the ΔG 0 for Cr (VI) adsorption process 
CONCLUSIONS
In this study, CS-NZVI beads were successfully prepared and kinetics and thermodynamics of hexavalent chromium removal from wastewater by CS-NZVI beads were investigated. SEM results showed that the average aperture size of the wet CS-NZVI beads decreased with the increase of the concentration of CS and NaOH. The rate constant increased with increasing NZVI dosage but decreased with the increase in pH values. With a CS concentration of 5 g/L, a NaOH concentration of 1.0 mol/L, an initial Cr (VI) concentration of 20 mg/L, a NZVI dosage of 5.0 g/L, a solution pH of 3.9, and a temperature of 30 W C (303 K), the K obs was 0.1160 and the removal rate was more than 99.6% after 1 h. The Freundlich isotherm agreed better than Langmuir isotherm with experimental data. The values of ΔG 0 decreased with an increase in temperature, indicating that Cr (VI) adsorption was more favorable at higher temperatures. The positive value of ΔH 0 and ΔS 0 suggested that Cr (VI) removal by CS-NZVI beads was an endothermic process, reflecting good affinity of the sorbent for Cr (VI) ions and increasing randomness at the solid-solution interface during the adsorption process. 
